1. Introduction {#sec0005}
===============

In eukaryotic cells, ER is the major site for the synthesis, folding, modification and sorting of secreted and transmembrane proteins. The protein influx to the ER can fluctuate substantially in cells under physiological changes (such as cell differentiation) or stimulations from the environment (such as deficiency of amino acid or glucose). When proteins entering ER saturate its folding capacity, unfolded proteins accumulate in the ER and lead to ER stress. In an attempt to re-establish ER homeostasis, signaling pathways known as the unfolded protein response (UPR) are activated, which are mediated by the three ER transmembrane sensors--PKR-like ER protein kinase (PERK), inositol-requiring protein 1 (IRE1) and activating transcriptional factor 6 (ATF6) ([@bib0725]). UPR resolves ER stress via multiple mechanisms, including translation attenuation, enhancement of ER folding capacity, mRNA degradation and activation of ER-associated degradation (ERAD), etc ([@bib0725]). However, if ER stress persists, UPR can also signal the over-stressed cells to undergo apoptosis ([@bib0815]).

Coronaviruses are a family of enveloped RNA viruses that cause diseases in animals and humans. Coronavirus infection in domestic animals has led to major economic loss worldwide, such as infectious bronchitis virus (IBV) in chickens ([@bib0120]) and porcine epidemic diarrhea virus (PEDV) in pigs ([@bib0785]). Traditionally, infection of coronaviruses such as Human Coronavirus 229E (HCoV-229E) and HCoV-OC43 has been associated with mild upper respiratory symptoms and accounts for nearly one third of common cold in human adults ([@bib0330], [@bib0460]). In 2003, the pandemic of severe acute respiratory syndrome (SARS) caused global panic and led to the identification of a highly pathogenic human coronavirus---SARS-CoV ([@bib0510]). Infection with SARS-CoV resulted in extensive tissue damage and respiratory failure, with considerable mortality and morbidity ([@bib0695]). The virus was proposed to origin from bat, adapt to the intermediate host palm civet and finally to human ([@bib1050], [@bib1070]); although recent identification of a SARS-like coronavirus from bats suggests that direct human infection by some bat coronavirus may be possible ([@bib0280]). The recent emergence and spreading of a novel human coronavirus--the Middle East respiratory syndrome coronavirus (MERS-CoV), has attracted public attention and intensive research ([@bib0195]). Although sustained human-to-human transmission is considered low, MERS-CoV has gradually spread from Saudi Arabia to countries in the Middle East, Europe and the US, with a considerable mortality in patients with comorbidities ([@bib0305]). Accumulating evidence has suggested that bats are the natural reservoirs of MERS-CoV ([@bib0620]) and the dromedary camels are the intermediate hosts ([@bib0015]). This further supports that coronaviruses can cross the species barrier and become lethal zoonotic human pathogens. In face of that, research on the pathogenesis and host interaction of coronavirus is essential for identifying antiviral agents and vaccine development.

The replication of coronavirus occurs in the cytoplasm and is closely associated with ER and other cellular membrane organelles. Accumulating evidence has suggested that coronavirus replication causes ER stress and induces UPR in the infected cells. Given the extensive cross-talk between UPR and major cell signaling pathways, UPR induction may modulate host anti-viral response and constitute a major aspect of coronavirus-host interaction. In the following sections, current knowledge on the signaling mechanisms of UPR and its modulation by coronavirus infection will be summarized. The implication of UPR in host response will also be discussed, with emphasis on apoptosis and innate immunity.

2. Induction of ER stress by coronavirus infection {#sec0010}
==================================================

Transcription induction of ER protein chaperones, such as the immunoglobulin heavy chain-binding protein (BiP, also known as glucose regulated protein 78, or GRP78) or glucose-regulated protein 94 (GRP94), is generally accepted as an indicator of ER stress ([@bib0740]). In global transcriptome studies, induction of BiP and GRP94, as well as other genes related to ER stress, has been detected in cells infected with SARS-CoV or in cells over-expressing the SARS-CoV spike protein ([@bib0825], [@bib0955]). Consistent with these findings, activation of luciferase reporters under the control of BiP or GRP94 promoters has been observed in cells infected with SARS-CoV ([@bib0125]). ER stress has also been observed in cells infected with other coronaviruses such as MHV ([@bib0875]) or IBV ([@bib1060]). Therefore, ER stress induction is likely a common outcome in cells infected with coronaviruses ([@bib1030]). Although coronavirus-induced ER stress has been mainly attributed to the spike protein, other mechanisms may also be contributing as discussed below.

2.1. Coronavirus proteins and ER stress {#sec0015}
---------------------------------------

As a high molecular weight and highly glycosylated transmembrane protein, the spike protein is massively produced for virion assembly during coronavirus infection ([@bib0600]). Exclusively N-linked glycosylation significantly increases the size of the spike protein, and is previously shown to promote folding and trimerization ([@bib0220]). The folding and maturation of spike protein presumably depends heavily on the ER protein chaperones, such as calreticulin and calnexin. In fact, physical interaction between calnexin and the SARS-CoV spike protein has been determined, and inhibition of calnexin function has been shown to reduce the infectivity of pseudotyped lentivirus bearing the SARS-CoV spike protein ([@bib0250]). It is therefore not unexpected that studies on coronavirus-induced ER stress have been focused on the spike proteins. Indeed, over-expression of the spike protein of SARS-CoV, MHV and HCoV-HKU1 has been shown to induce potent ER stress in cell culture ([@bib0125], [@bib0770], [@bib0875]). Interestingly, a HCoV-OC43 variant harboring persistence-associated mutations in the spike protein has been found to induce a stronger ER stress and UPR in the infected neurons as compared to the wild type virus ([@bib0240]). Apart from the spike protein, some coronavirus accessory proteins, such as protein 3a, 6 and 8ab of SARS-CoV, have also been shown to induced ER stress when over-expressed in cells ([@bib0635], [@bib0805], [@bib0950]).

### 2.2 Membrane modifications and ER stress {#sec0020}

Modification of cellular membranes has been observed in cells infected with various RNA viruses ([@bib0630]). Among them, coronaviruses have been demonstrated to induce the formation of double membrane vesicles (DMVs) in the infected cells ([@bib0190]). Using immunocytochemistry and electron microscopy, these DMVs are found closely associated with the coronavirus replication transcription complexes (RTCs) and the *de novo* synthesized viral RNAs ([@bib0295], [@bib0780]). The formation of DMVs is presumably induced by specific coronavirus non-structural proteins (nsp). In fact, DMV formation has been observed in cell co-transfected with the SARS-CoV nsp3, nsp4 and nsp6, all of which are multipass transmembrane proteins ([@bib0040]). Using high resolution electron tomography, Knoops et al. have clearly demonstrated that the DMVs formed in SARS-CoV-infected cells are generated from a reticulovesicular network derived from the ER ([@bib0485]). Moreover, a recent study has revealed a mechanism whereby MHV obtains DMV membrane by hijacking the ER-derived vesicles EDEMosome (dubbed from the protein ER degradation enhancer, mannosidase alpha-like 1; EDEM1), further supporting the ER-origin of the coronavirus-induced DMVs ([@bib0715]). Apart from DMVs, other membrane rearrangements associated with RNA synthesis have been observed in coronavirus-infected cells. These include convoluted membranes, vesicle packets, paired membranes and spherules, which may also contribute to coronavirus-induced ER stress ([@bib0485], [@bib0585]).

2.3. Membrane depletion and ER stress {#sec0025}
-------------------------------------

Previous studies have established that the intracellular site for coronavirus assembly and budding is the ER-Golgi intermediate compartment (ERGIC), which is a structural and functional extension of the ER ([@bib0480], [@bib0800]). Therefore, continuous morphogenesis and budding of virions in the ERGIC in essence deplete the membrane of the ER. It has been shown that depletion of phosphatidylcholine -- the lipid component of ER membrane, affects the ER morphology and impairs protein trafficking in the Golgi ([@bib0840]). Moreover, lipid depletion induces ER stress and UPR, and the affected cells respond by increasing lipid biosynthesis and ER membrane biogenesis ([@bib0795], [@bib0860]). In addition to the budding process, coronavirus infection triggers autophagy, and the autophagosome membranes have been shown to be derived from the ER ([@bib0175]). Therefore, it is highly possible that membrane depletion during coronavirus replication contribute to ER stress induction, although further functional studies are required.

In summary, the ER stress induced by coronavirus infection may be attributed to: (1) massive synthesis, modification and folding of coronavirus proteins in the ER; (2) drastic membrane re-organization of the ER to form DMVs for genome replication; and (3) ER membrane depletion due to virion budding and autophagy induction. In response to the ER stress, the infected cells activate the UPR pathways ([Fig. 1](#fig0005){ref-type="fig"}A). In the following section, signaling of the three UPR branches and their modulation by coronavirus infection will be discussed in detail.Fig. 1Signaling pathways of three branches of UPR and modulations by coronavirus infection. (A) Coronavirus replication causes ER stress by three major mechanisms. The ER stress sensors PERK, IRE1, and ATF6 are activated and trigger UPR in an attempt to counter ER stress. (B) The signaling pathway of integrated stress response and coronavirus intervention. Infection with MHV-A59, SARS-CoV, and IBV has been shown to cause eIF2α phosphorylation, which is most likely mediated by PKR and/or PERK. The phosphorylated eIF2α sequesters eIF2B, inhibits recycling of GTP-bound eIF2α and leads to translation attenuation. (C) The IRE1 signaling pathway and coronavirus intervention. IRE1 mediates splicing of XBP1, which induces UPR genes such as ERdj4 and p58^IPK^. IRE1 can also recruit TRAF2 and activate JNK-mediated apoptosis. The over-expression of spike proteins of IBV and MHV-A59 has been shown to activate IRE1, whereas the SARS-CoV E protein inhibits XBP1 splicing. (D) The ATF6 signaling pathway and coronavirus intervention. ATF6 protein is cleaved by S1P and S2P under ER stress. The released fragment (ATF6f) translocates to the nucleus and induces UPR genes. Transfection of SARS-CoV accessory protein 8ab or infection with IBV or MHV-A59 has been shown to induce ATF6 cleavage.

3. The PERK branch of UPR and integrated stress response (ISR) {#sec0030}
==============================================================

3.1. ISR signaling pathways {#sec0035}
---------------------------

Among the three sensors of UPR, PERK is generally believed to be activated first in response to ER stress ([@bib0725], [@bib0810]). In unstressed cells, PERK is held inactive by the binding of ER chaperone BiP to its luminal domain. Under ER stress, BiP dissociates from PERK to interact with the excessive influx of unfolded proteins. Dissociation of BiP leads to oligomerization and auto-phosphorylation of PERK, thereby activating its tyrosine kinase activity ([@bib0070]). Normally, phosphorylated PERK is inactivated by protein tyrosine phosphatase 1B (PTP1B). However, PTP1B is inhibited by sulfhydration in cells under ER stress, and active PERK is thus protected from dephosphorylation ([@bib0505]). The substrate for PERK is the α-subunit of eukaryotic initiation factor 2 (eIF2α) ([@bib0760]). Once phosphorylated at serine 51, eIF2α forms a stable complex with and inhibits the enzymatic activity of eukaryotic initiation factor 2B (eIF2B). EIF2B is a guanine nucleotide exchange factor that converts the inactive GDP-bound eIF2α to its active GTP-bound form, which mediates the binding of initiator methionine-transfer RNA to the 40S ribosome to form the 43S pre-initiation complex ([@bib0200]). Therefore, phosphorylation of eIF2α results in the inhibition of translation initiation and a global shutdown of cellular protein synthesis ([@bib0475]). The translation attenuation reduces the influx of newly synthesized proteins into the already stressed ER. Moreover, eIF2α phosphorylation liberates ribosomes and translation factors from mRNA, allowing them to preferentially initiate translation of UPR regulated genes, thereby reprogramming the ER for the stress condition ([@bib0345]).

Besides PERK, three other kinases are known to phosphorylate eIF2α, namely the heme-regulated inhibitor kinase (HRI), the general control non-derepressible 2 (GCN2) and the protein kinase RNA-activated (PKR) ([@bib0725]). HRI is expressed predominantly in erythroid cells and hepatocytes. It is activated by low level of heme and coordinates the synthesis of heme and protein moieties of hemoglobin in red blood cells and P450 cytochromes in hepatocytes ([@bib0005], [@bib0615]). GCN2 is the only known eIF2α kinase with a homolog in *Saccharomyces cerevisiae*. Under conditions of amino acid deprivation, uncharged transfer RNA binds to the C-terminal of GCN2 and activates its kinase activity ([@bib0790]). From a virological perspective, PKR is perhaps especially important as an eIF2α kinase, because it is induced by interferon and activated by the binding of double-stranded RNA (dsRNA), which is a common byproduct during replication of a wide variety of DNA and RNA viruses ([@bib0165]). The binding of dsRNA to the two N-terminal dsRNA binding motifs induces dimerization and auto-phosphorylation of the C-terminal kinase domain, thereby switching on the kinase activity ([@bib0735]). Although differing in the upstream stimuli, activation of all four eIF2α kinases results in translation suppression and activates similar downstream signaling pathways, which are collectively known as the integrated stress response (ISR) ([Fig. 1](#fig0005){ref-type="fig"}B) ([@bib0725]).

Although translation of a majority of cellular mRNAs is suppressed under ISR, mRNAs of certain genes containing small upstream ORFs (uORFs) in their 5′UTR are indeed preferentially translated when eIF2α is phosphorylated ([@bib0225]). One of these genes is the activating transcription factor 4 (ATF4), which is the mammalian homolog of the general control non-derepressible 4 (GCN4) in yeast ([@bib0345], [@bib0865]). ATF4 belongs to a large family of transcription factors characterized by a basic-region leucine zipper (bZIP) DNA binding domain ([@bib0030]). By binding to the cAMP response element, ATF4 transactivates genes involved in amino acid metabolism ([@bib0140]), antioxidant response ([@bib0380]), as well as another critical UPR-regulated bZIP transcription factor -- the C/EBP homologous protein (CHOP, also known as growth arrest and DNA damage-inducible protein 153, or GADD153) ([@bib0245]). Together with ATF4, CHOP activates the growth arrest and DNA damage-inducible protein 34 (GADD34), which is a regulatory subunit of the protein phosphatase 1 (PP1) ([@bib0590]). GADD34 interacts with and activates PP1, which catalyzes de-phosphorylation of eIF2α and release the translation suppression ([Fig. 1](#fig0005){ref-type="fig"}B) ([@bib0100]). This negative feedback loop ensures that normal translation initiation is resumed after ER stress is resolved. However, if ER stress persists, restoration of protein synthesis can aggravate the ER stress and lead to cell death ([@bib0340], [@bib0590]).

3.2. Activation of ISR during coronavirus infection {#sec0040}
---------------------------------------------------

There have been discrepancies regarding the activation of ISR during coronavirus infection. For MHV, an early study has detected negligible transcriptional activation of PKR, as well as another interferon-stimulated gene, 2′5′-oligoadenylate synthetase (OAS) in cells infected with MHV-1 ([@bib1025]). A latter study using MHV-A59 confirmed that PKR and eIF2α were not phosphorylated and that host protein synthesis was not inhibited in the infected cells ([@bib0945]). The failure to activate PKR and OAS in MHV-A59 infected cells was attributed to resistance and inhibition of the IFN response by the virus ([@bib0730], [@bib0945]). However, in a separate study using the same virus MHV-A59, Bechill et al. have detected significant phosphorylation of eIF2α starting from 8 h post infection (hpi) ([@bib0060]). Although the phosphorylation status of the corresponding upstream kinases was not determined, the level of downstream protein ATF4 was up-regulated, whereas no induction of CHOP and GADD34 was observed ([@bib0060]). The authors thus conclude that uncharacterized mechanisms may be adopted by the virus to down-regulate the CHOP-GADD34/PP1 feedback loop, enabling sustained translation suppression of the host proteins ([Fig. 1](#fig0005){ref-type="fig"}B) ([@bib0060]). Meanwhile, it remains unknown how MHV mRNAs can still be translated normally when eIF2α is phosphorylated.

As for SARS-CoV, Krähling et al. have observed significant phosphorylation of PKR and PERK, but not GCN2 in the infected cells ([@bib0495]). The phosphorylation of eIF2α was also detected, but changes in the host protein synthesis have not been determined. Surprisingly, knock-down of PKR using specific morpholino oligomers did not affect SARS-CoV replication or virus-induced eIF2α phosphorylation ([@bib0495]). These results suggest that SARS-CoV is resistant to the antiviral activity of PKR *in vitro* and that other kinase(s), most likely PERK, is responsible for the phosphorylation of eIF2α induced by SARS-CoV. Other studies based on transient transfection of SARS-CoV proteins have also implicated the involvement of the PERK branch of UPR. For example, Chan et al. have shown that over-expression of SARS-CoV spike protein up-regulates BiP and GRP98 promoter activities in a dosage dependent manner ([@bib0125]). The trans-activation is likely mediated via PERK-eIF2α, because co-transfection of dominant negative forms of PERK or eIF2α significantly suppresses the reporter activities ([@bib0125]). Later, the UPR activating domain of SARS-CoV spike protein is mapped to the central region (amino acids 201--400) of the S1 subunit, and seems to function independent of N-linked glycosylation ([@bib0770]). Interestingly, the accessory protein 3a of SARS-CoV, which is a small multipass transmembrane protein, also activates the ATF4 and CHOP promoter activities, and thus may also activate the PERK branch of UPR ([@bib0635]).

Regarding Alphacoronaviruses, TGEV replication has been shown to induce phosphorylation of PKR and eIF2α in the infected cells, although the activation of PERK has not been determined ([@bib0185]). Intriguingly, using a recombinant TGEV virus lacking the accessory gene 7 (rTGEV-Δ7), Cruz et al. have demonstrated that the protein 7 of TGEV physically interacts with PP1 and promotes eIF2α de-phosphorylation. Compared with the wild type virus, cells infected with rTGEV-Δ7 have a much higher level of phosphorylated eIF2α, resulting in significant translation attenuation and drastic induction of GADD34 ([@bib0185]). Although changes in other pathway intermediates such as ATF4 and CHOP have not been determined, the data supports that TGEV activates the PKR-eIF2α-GADD34 pathway, which is modulated by the accessory protein 7.

In terms of Gammacoronaviruses, studies done by this group have shown that IBV triggers phosphorylation of PKR and PERK at early time points of infection (2--8 hpi), which diminished quickly thereafter ([@bib1060], [@bib0900]). The effective inhibition of PKR (and likely also PERK) phosphorylation has been attributed to the nsp2 protein, which dosage dependently restore the PKR-mediated translation suppression of a reporter construct ([@bib0900]). The kinetic of eIF2α phosphorylation is similar to that of PKR and PERK, which peaks at early infection but drastically reduces afterwards ([@bib1060], [@bib0900]). As a result, *de novo* synthesis of host proteins is not significantly suppressed in IBV-infected cells throughout the course of infection ([@bib0900]). Apart from the inactivation of its upstream kinases, the rapid de-phosphorylation of eIF2α has also been ascribed to the induction of GADD34 ([@bib0900]). Up-regulation of GADD34 is likely mediated by the transcription factors ATF4 and CHOP, as both are significantly induced in IBV-infected cells starting from 12 h post infection ([Fig. 1](#fig0005){ref-type="fig"}B) ([@bib1060]). Functional studies using RNA interference and specific inhibitors further support the activation of PKR/PERK-eIF2α-ATF4-CHOP pathway and the negative feedback via GADD34/PP1. Knock-down of PKR or PERK, as well as drug inhibition of PKR or eIF2α, greatly reduces the IBV-induced up-regulation of CHOP ([@bib1060]), whereas inhibition of PP1 by okadaic acid dosage dependently enhances IBV-induced eIF2α phosphorylation and inhibites IBV replication ([@bib0900]). Interestingly, IBV replication is not significantly affected by knock-down of PKR or PERK, indicating that similar to SARS-CoV, IBV is not sensitive to the antiviral activities of PKR or PERK *in vitro* ([@bib1060]).

The different results regarding coronaviruses induced ISR reflect that the signaling pathway may be differentially modulated by individual coronaviruses. One excellent example is the antagonism of the cellular OAS/RNaseL pathway by the non-structural protein 2 (ns2) of MHV ([@bib1090]). Homologous proteins of ns2 are encoded by Beta-coronaviruses of the same lineage, but not Beta-coronaviruses of different lineages (such as SARS-CoV) or in different genera (such as TGEV or IBV) ([@bib1010]). It is possible that other group-specific proteins may similarly interfere with the activation of PKR or other eIF2α kinases, resulting in the differential activation of ISR during infection. On the other hand, the discrepancies may be a result from the different cell lines used, which have distinct tissue origins and genetic backgrounds, and can differ greatly in virus-induced stress response. Therefore, further mechanistic studies using recombinant viruses as well as proper *in vivo* models are required to better understand the involvement of ISR during coronavirus infection.

3.3. Induction and regulation of ISR by other viruses {#sec0045}
-----------------------------------------------------

Translation attenuation has been generally considered as a defensive mechanism of the host cells to limit virus replication. Therefore, it is not surprising that one or more of the eIF2α kinases is activated during infection of various viruses. For example, GCN2 has been shown to be activated and play antiviral functions in cells infected with human immunodeficiency virus 1 (HIV-1) ([@bib0170]) and in mice infected with mouse cytomegalovirus ([@bib0910]), Semliki forest virus or Sindbis virus ([@bib0065]). Similarly, activation of PERK has been observed in cells infected with various DNA and RNA viruses, such as Coxsackievirus B3 ([@bib0995]), vesicular stomatitis virus (VSV) ([@bib0050]), bovine viral diarrhea virus ([@bib0440]) and herpes simplex virus 1 (HSV1) ([@bib0145]), to name just a few. As for PKR, which is induced by interferon and activated by dsRNA of viral origin, extensive studies in a large number of DNA and RNA viruses have firmly established its antiviral activities ([@bib0370], [@bib0520]). Nonetheless, it should be noted that the antiviral functions of eIF2α kinases may not be essentially mediated via eIF2α phosphorylation, such as in the case of PERK and GCN2 during VSV infection ([@bib0500]).

Given the detrimental effect of translation attenuation on virus replication, it is also not surprising that viruses have evolved counter-defense mechanisms against the ISR. Virus-encoded proteins, such as NS1 of Influenza A virus ([@bib0580]) and US11 of HSV1 ([@bib0470]), specifically bind to and sequester dsRNAs to prevent recognition by PKR. The eIF2α kinases can also be inhibited by physical binding of viral proteins. For example, the NS5A protein of hepatitis C virus (HCV) binds to the catalytic site of PKR ([@bib0265]), while its E2 protein binds to PERK and inhibit its kinase activity ([@bib0690]). Several viruses have been shown to target eIF2α kinases for degradation, such as the poliovirus ([@bib0080]), rift valley fever virus ([@bib0325]) and HIV-1 ([@bib0215]). Other viruses have been found to encode an eIF2α phosphatase (γ34.5 protein of HSV1) ([@bib0375]), or stimulate the cellular GADD34/PP1 complex (E6 protein of human papillomavirus Type 18) ([@bib0465]), in order to dephosphorylate eIF2α and restore protein synthesis. Moreover, the internal ribosomal entry site (IRES) elements, present in the mRNAs of some viruses such as HCV or the classical swine fever virus, have been demonstrated to translate independently of eIF2 ([@bib0700], [@bib0830]). The fact that viruses of different families employ varieties of mechanisms counteracting every single step of ISR further demonstrates its essential antiviral functions.

4.. The IRE1 branch of UPR {#sec0050}
--------------------------

### 4.1. The IRE1 signaling pathway {#sec0055}

The IRE1 branch of UPR is a highly conserved pathway from yeast to humans ([@bib0490]). Initial studies have suggested that IRE1 is activated via a similar mechanism as PERK, which involved ER stress induced dissociation of BiP followed by oligomerization and trans-phosphorylation ([@bib0070], [@bib1020]). This notion is further strengthened by the high sequence homology (∼47%) of the two proteins' N-terminal luminal domains (NLDs), as well as the fact that their NLDs are even interchangeable *in vivo* ([@bib0570]). However, recent studies have demonstrated that the NLD of IRE1 can directly bind unfolded proteins ([@bib0180]). Moreover, the dissociation of BiP may not be the primary switch for IRE1 activation, but rather serves as a buffer to modulate the sensitivity and dynamics of IRE1 activity ([@bib0705]).

Phosphorylation of IRE1 activates its cytosolic RNase domain, which results in the unconventional splicing of the mRNA of homologous to Atf/Creb1 (HAC1) in yeast and X-box binding protein 1 (XBP1) in Metazoans ([@bib0765], [@bib0960]). The sequence flanking the spliced intron is highly conserved, which forms secondary structures recognized by IRE1 ([@bib0415]). In human, splicing of the 26-nucleotide intron leads to a frame-shift transcript, which encodes the spliced XBP1 protein (XBP1s) ([@bib0960]). XBP1s is a potent bZIP transcription factor that induces expression of genes harboring the UPR element (UPRE) or the ER stress response element (ERSE) in the promoter sequences ([@bib0925]). To counteract ER stress, XBP1s regulates genes involved in protein entry into ER, folding, glycosylation, ER-associated degradation (ERAD), lipid biogenesis and vesicular trafficking ([@bib0285]). The expression of at least two genes, the ER DNA J domain-containing protein 4 (ERdj4) and the protein kinase inhibitor of 58 kDa (p58^IPK^) have been shown to be specifically induced by XBP1s, but not other UPR transcription factors ([@bib0525]). XBP1s also induces the E3 ubiquitin ligase synoviolin, which promotes ubiquitination and degradation of IRE1, forming a negative feedback loop ([@bib0275], [@bib1075]). The unspliced mRNA (XBP1u) is also translated, which contains only the bZIP domain but not the transactivation domain. XBP1u has been shown to negatively regulate the activity of XBP1s and undergoes rapid proteasome dependent degradation ([Fig. 1](#fig0005){ref-type="fig"}C) ([@bib0845], [@bib0970]).

Previously, the mRNA of XBP1 has been considered the only splicing substrate for IRE1. Recently, Hollien et al. have identified degradation of ER-localized mRNAs by IRE1 under ER stress, which is termed regulated IRE1-dependent mRNA decay (RIDD) ([@bib0395], [@bib1040]). Although most RIDD substrates identified harbor XBP1-like consensus sequences ([@bib0680]), IRE1-mediated XBP1 splicing and RIDD seems to operate via two distinct mechanisms ([@bib0335]). Whereas basal level of RIDD removes ER-associated mRNA to facilitate ER homeostasis, prolonged RIDD has been shown to degrade mRNAs encoding pro-survival proteins and contribute to ER-stress induced cell death ([@bib0605]).

Apart from mediating XBP1 splicing, the kinase domain of phosphorylated IRE1 has been shown to recruit the tumor necrosis factor (TNF) receptor-associated factor 2 (TRAF2) ([@bib0855]). The IRE1-TRAF2 complex further interacts with the Apoptosis signal-regulating kinase 1 (ASK1), which ultimately activates the c-Jun N-terminal kinase (JNK) and induces ER stress dependent apoptosis ([Fig. 1](#fig0005){ref-type="fig"}C) ([@bib0665]). The IRE1-JNK pathway is also required for autophagy activation after pharmacological induction of ER stress ([@bib0670]). The decision between autophagy and apoptosis in cells under ER stress may be intricately regulated by multiple mechanisms, including the JNK-mediated phosphorylation of Bcl-2 and the stress integrator Bax-inhibitor 1 ([@bib0115], [@bib0905]). In short, IRE1 facilitates the resolution of ER stress by activating the UPR gene master control XBP1 and induction of autophagy, but prolonged activation of IRE1 can also trigger RIDD and apoptosis via the JNK pathway.

### 4.2. Activation of IRE1-XBP1 pathway by coronavirus and other viruses {#sec0060}

Studies have demonstrated that the IRE1-XBP1 pathway is activated in cells infected with RNA viruses, such as Influenza A virus (IAV) ([@bib1035]), Respiratory Syncytial virus (RSV) ([@bib0350]), HCV ([@bib0625]), Tick-borne encephalitis virus (TBEV) ([@bib1080]), Japanese Encephalitis virus (JEV) ([@bib0075]) and Dengue virus serotype 2 ([@bib0980]), to name just a few. Using specific IRE inhibitors or RNAi, IRE1 has been shown to facilitate the replication of IAV and TBEV, suppress the replication of RSV, but is not involved in the replication of HCV or DEN-2 ([@bib0350], [@bib1035], [@bib0625], [@bib1080], [@bib0980]).

As for coronaviruses, MHV infection or over-expression of its spike protein has been shown to induce significant splicing of XBP1 mRNA ([@bib0060], [@bib0875]). However, XBP1s protein cannot be detected in the infected cells and downstream genes such as ERdj4, EDEM1 and p58^IPK^ are not up-regulated. It is possible that sustained translation attenuation by MHV-induced eIF2α phosphorylation blocks the translation of XBP1s protein and suppresses the activation of this branch of UPR ([@bib0060]). In contrast to MHV, infection of SARS-CoV or transfection of SARS-CoV spike protein fails to induce XBP1 mRNA splicing ([@bib0210], [@bib0875]). This observation have been attributed to the ability of SARS-CoV E protein to suppress host stress response ([@bib0210]). A recombinant SARS-CoV with the E gene deleted (rSARS-CoV-ΔE) was generated, and significant XBP1 splicing and higher expression levels of UPR genes were observed in the infected cells, compared with wild type SARS-CoV. Furthermore, transfection of E protein strongly inhibits ER stress induced by chemicals or RSV infection ([@bib0210]). The UPR modulating function of E protein may explain why SARS-CoV lacking E protein is attenuated in animal models ([@bib0205]), but its detail mechanisms remain to be investigated.

Regarding Gammacoronaviruses, studies done by this group have shown that the IRE1-XBP1 pathway is activated in mammalian and avian cells infected with IBV ([@bib0255]). Significant XBP1 splicing can be observed in cells transfected with IBV S protein or in cells infected with IBV at late stage of infection (∼20 h post infection). Although the expression of XBP1s protein has not been determined due to the lack of a specific antibody, expression of downstream genes (ERdj4 and p58^IPK^) is significantly elevated in IBV-infected cells. Knockdown of IRE1 abolishes IBV-induced XBP1 splicing, whereas knockdown of either IRE1 or XBP1 drastically reduces IBV-induced ERdj4 and p58^IPK^ expression. Consistently, over-expression of IRE1 but not its kinase or RNase mutants significantly increases IBV-induced XBP1 splicing and UPR genes expression ([@bib0255]). Taken together, it seems that the IRE1 branch of UPR is fully activated in cells infected with IBV, whereas its activation is hampered in MHV or SARS-CoV-infected cells through different mechanisms.

5.. The ATF6 branch of UPR {#sec0065}
--------------------------

### 5.1. The ATF6 signaling pathway {#sec0070}

Unlike PERK or IRE1, the ATF6 protein is a Type-II transmembrane protein with an N-terminal bZIP signaling domain and an ER luminal domain that is modified by glycosylation and disulfide bonding. Similar to PERK, ATF6 is activated by ER-stress induced dissociation of BiP ([@bib0755]), although underglycosyltion ([@bib0410]) and reduction of disulfide bonds ([@bib0650]) have also been suggested as alternative activation mechanisms. Activated ATF6 is translocated to Golgi apparatus and processed by the Site-1 protease (S1P) and Site-2 protease (S2P) ([@bib0940]). The intramembrane proteolysis releases the cytosolic DNA binding domain, which translocates into the nucleus and switches on genes harboring ERSE or ERSE-II in the promoters ([@bib0965]). The major target genes of ATF6 consist of ER chaperones (such as BiP, GRP94 and calreticulin) and some ERAD components, thus activation of the ATF6 branch promotes protein folding and restoration of ER homeostasis ([Fig. 1](#fig0005){ref-type="fig"}D) ([@bib0010]).

### 5.2. Activation of ATF6 pathway during coronavirus infection {#sec0075}

Activation of the ATF6 branch of UPR has been observed in cells infected by a handful of viruses including HSV-1 ([@bib0105]), African swine fever virus (ASFV) ([@bib0270]), West Nile virus (WNV) ([@bib0020]) and HCV ([@bib0885]). Although ATF6 has been shown to promote the replication of WNV by suppressing interferon signaling ([@bib0025]), the effect of ATF6 activation on replication of other viruses has not been studied in detail.

Compared with PERK and IRE1, there have been limited studies on the activation of ATF6 pathway during coronavirus infection. The cleavage of ATF6 can be observed in cells infected with MHV, but the level of both full length and cleaved ATF6 protein diminish at late stage of infection, with no activation of target genes determined by ERSE reporter constructs ([@bib0060]). Similar to XBP1s, the lack of ATF6 transactivation may be a result of sustained translation suppression mediated by eIF2α phosphorylation. As for SARS-CoV, no significant ATF6 cleavage is observed compared with mock infected cells ([@bib0210]). Overexpression of the SARS-CoV spike protein also fails to activate ATF6 reporter constructs ([@bib0125]). In contrast, ATF6 cleavage and nuclear translocation have been determined in cells transfected with the SARS-CoV accessory protein 8ab, which has also been shown to physically interact with the luminal domain of ATF6 ([@bib0805]). The SARS-CoV 8ab protein was only detected in early human isolates during the SARS-CoV pandemic. In the later isolates, genome deletion resulted in the splitting of ORF8 into two smaller ORFs, encoding two truncated protein 8a and 8b respectively ([@bib0315]). Therefore, further experiments on the 8a and 8b proteins, as well as studies using recombinant SARS-CoV deletion mutants are required. In terms of Gammacoronaviruses, preliminary data from this group have shown that, similar to MHV, ATF6 cleavage is observed in cells infected with IBV (unpublished observations). Moreover, knockdown of ATF6 significantly reduces the IBV-induced expression of XBP1 and other UPR genes, suggesting that ATF6 contributes to UPR during IBV infection (unpublished observations).

4. UPR and coronavirus-induced apoptosis {#sec0080}
========================================

Prolonged UPR activation is known to cause apoptotic cell death and has been reviewed in detailed ([@bib0745], [@bib0810]). It has also been demonstrated that coronavirus infection induces apoptosis *in vitro* ([@bib0035], [@bib0640]) and *in vivo* ([@bib0135], [@bib0320]), which is caspase-dependent but p53-independent ([@bib0540], [@bib1065]). Also, coronavirus-induced apoptosis is dependent on but not essential for virus replication ([@bib0090], [@bib0720]). However, there have been limited studies on the involvement of UPR in coronavirus-induced apoptosis ([@bib1015]). Here, we summarize current knowledge on the mechanisms of ER stress induced apoptosis and the implications of UPR during coronavirus infection.

4.1. Apoptosis induction and regulation: the PERK branch and ISR {#sec0085}
----------------------------------------------------------------

The early phase of ISR, characterized by eIF2α phosphorylation and translation attenuation, aims to restrict ER stress and is pro-survival in nature. However, at late stage of persistent ER stress, with the induction of CHOP and restoration of protein synthesis by GADD34, the pathway becomes pro-apoptotic. First, resuming protein translation in cells under ER stress aggravates the ER burden and allows for the expression of pro-apoptotic proteins, such as CHOP and ER oxidoreductin-1α (ERO1α) ([@bib0590]). Secondly, CHOP promotes the intrinsic pathway of apoptosis by inhibiting the transcription of anti-apoptotic protein B-cell lymphoma (Bcl-2) ([@bib0610]) and inducing the pro-apoptotic protein Bcl-2-interacting mediator of cell death (Bim) ([@bib0710]). Moreover, CHOP also promotes the extrinsic pathway of apoptosis by inducing the cell-surface death receptor 5 (DR5), which mediates apoptosis via caspase-8 cleavage ([@bib0915]). Previously we have shown that both the mRNA and protein levels of CHOP are significantly induced in IBV-infected cells at late stage infection ([@bib1060]). Knock-down of PKR or PERK significantly reduces IBV-induced CHOP up-regulation and apoptosis. Knock-down of CHOP almost completely abolishes IBV-induced apoptosis in the infected cells, which is associated with the hyper-phosphorylation of the pro-survival extracellular signal-related kinase (ERK) ([Fig. 2](#fig0010){ref-type="fig"} ) ([@bib1060]). Consistently, further experiments have shown that over-expression of CHOP promotes IBV-induced apoptosis in a dosage-dependent manner ([Fig. 3](#fig0015){ref-type="fig"}A). Interestingly, mutation experiments have suggested the N-terminal amino acid 36--70 region to be essential for the pro-apoptotic function of CHOP during IBV infection ([Fig. 3](#fig0015){ref-type="fig"}B and C). This region is distinct from the tribbles-related protein 3 (TRIB3) interaction domain and the DNA-binding bZIP domain described previously ([@bib0675]), indicating that other uncharacterized mechanisms may be responsible for the phenotype. Induction of CHOP is either not observed or not determined in cells infected with other coronaviruses, although Krähling et al. have shown that PKR is required for SARS-CoV-induced apoptosis, which is independent of eIF2α phosphorylation ([@bib0495]). On the other hand, increased eIF2α phosphorylation has been associated with enhanced cytopathic effect and apoptosis in cells infected with TGEV lacking the accessory gene 7 ([@bib0185]). Although the involvement of CHOP has not been investigated, the data at least suggest that TGEV induced apoptosis may be mediated by the activation of ISR.Fig. 2Involvement of UPR in coronavirus-induced apoptosis. Under prolonged ER stress, phosphorylation of eIF2α by PKR/PERK up-regulates CHOP, which has been shown to suppress the pro-survival kinase ERK and the anti-apoptotic mitochondrial protein Bcl-2. IRE1 has been shown to protect IBV-infected cells from apoptosis, by converting the pro-apoptotic unspliced XBP1 to the anti-apoptotic spliced form (XBP1s). Also, in IBV-infected cells, IRE1 activates the pro-survival kinase AKT and suppresses the pro-apoptotic kinase JNK. ATF6 potentially facilitates apoptosis by induction of CHOP and XBP1u. ER-stress induced apoptosis has also been associated with cleavage of caspase 12 (Casp 12) in mouse or caspase 4 in human, although their involvement during coronavirus infection is unknown. Pro-apoptotic factors are shown in red boxes, while pro-survival proteins in blue boxes.Fig. 3Over-expression of CHOP, but not its N-terminal deletion mutant, promotes IBV-induced apoptosis. (A) H1299 cells were transfected with different amount of FLAG-tag CHOP plasmid or empty vector. At 24 h post transfection, cells were infected with IBV or incubated with mock lysate for 22 h. Cell lysates were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membrane for western blotting using antibodies against FLAG-tag, IBV N protein and the apoptosis marker poly (ADP-ribose) polymerase (PARP). The percentages of PARP cleavage (intensity of cleavage band \[Cl\] divided by total intensities of full-length \[FL\] and cleavage bands) were determined and indicated below. The β-tubulin protein was used as loading control. The presented blot is one representative blot from three independent experiments. (B) Schematic diagram showing the known functional domains of CHOP and the two N-terminal deletion mutants (ΔN36 and ΔN70) used in (C). Amino acid 10--18 have been shown to interact with TRIB3. Serine 79 and 82 are phosphorylated by p38, while Leucine 134 and 141 are responsible for DNA binding of the bZIP domain. (C) H1299 cells were transfected with FLAG-tag wild type CHOP or N-terminal deletion mutants. At 24 h post transfection, cells were infected with IBV or incubated with mock lysate. Cell lysates were harvest and subjected to SDS-PAGE and western blot analysis as in (A). Percentage of PARP cleavage is determined as in (A) and indicated below. The β-actin protein was used as loading control. The presented blot is one representative blot from three independent experiments.

4.2. Apoptosis induction and regulation: IRE1, ATF6 and other mechanisms {#sec0090}
------------------------------------------------------------------------

Similar to PERK, IRE1 can be either pro-survival or pro-apoptotic depending on the strength of activation and the downstream signaling pathways. Enhancement of protein folding and ERAD through the IRE1-XBP1 pathway, as well as basal RIDD of ER-associated mRNAs are considered beneficial for adaptation to ER stress and cell survival ([@bib0810]). In contrast, signaling through the IRE-JNK pathway and prolonged RIDD activation are considered detrimental and induce apoptotic cell death ([@bib0605]). As mentioned above, compared with the wild type virus, SARS-CoV lacking the E gene induces XBP1 splicing and a high level of stress response, which is also associated with a higher degree of apoptosis ([@bib0210]). This may suggest a pro-apoptotic role of IRE1 during SARS-CoV infection, although further functional experiments are required. In contrast, our recent studies have pointed to a pro-survival function of IRE1, which protects cells from apoptosis during IBV infection ([@bib0255]). Knockdown of IRE1 does not affect IBV replication but significantly enhances IBV-induced apoptosis. Over-expression of wild type IRE1 or XBP1s, but not IRE1 mutants or XBP1u, reduces apoptosis in cells infected with IBV ([Fig. 2](#fig0010){ref-type="fig"}). Furthermore, knockdown of IRE1 modulates the phosphorylation status of JNK and RAC-α serine/threonine-protein kinase (AKT). Compared with the control, the pro-apoptotic kinase JNK is hyper-phosphorylated and the anti-apoptotic kinase AKT is hypo-phosphorylated in IBV-infected cells with IRE1 knocked down ([@bib0255]). Therefore, it seems the IRE1 branch promotes survival in cells infected with IBV.

The involvement of ATF6 in coronavirus-induced apoptosis has not been characterized. Interestingly, preliminary results from this group have suggested a pro-apoptotic role of ATF6 during IBV infection, which is contrary to the common believe that ATF6 facilitates adaptation to ER stress and promote cell survival ([@bib0810]). Moreover, several recent findings have demonstrated that under certain conditions ATF6 activation may also induce apoptosis via transcriptional activation of CHOP and/or suppression of myeloid cell leukemia sequence I (Mcl-1) ([@bib0300], [@bib0645], [@bib0660]). Aside from the three UPR branches, ER stress induced apoptosis has been shown to be mediated by other mechanisms, such as fluctuation of ER calcium concentration ([@bib0745]) and activation of murine caspase 12 ([@bib0655]) or human caspase 4 ([@bib0385]). However, the involvement of these UPR-independent pathways in coronavirus-induced apoptosis remains to be further investigated.

5. UPR and innate immunity during coronavirus infection {#sec0095}
=======================================================

The innate immunity constitutes a pivotal anti-viral response against coronavirus infection, although over-activated inflammatory response also causes extensive tissue damage and other immunopathologies associated with SARS-CoV infection ([@bib0695]). In fact, highly elevated production of pro-inflammatory cytokines/chemokines such as interleukin-1 (IL-1), IL-6, IL-8, Interferon gamma-induced protein 10 (IP-10) and monocyte chemoattractant protein-1 (MCP-1) has been detected in the lung tissues and serum samples from SARS-CoV patients ([@bib0425], [@bib0435]). Recent studies have suggested that the UPR may cross-talk with the innate immune signaling pathways and modulate the production and signaling of type-I interferons and/or pro-inflammatory cytokines in virus infected cells ([@bib0575], [@bib0775]). In the following section, implications of UPR in the innate immunity in the context of coronavirus infection will be briefly discussed.

5.1. UPR and NF-κB activation {#sec0100}
-----------------------------

For decades, the transcription factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) has been well established as the master regulator of innate immunity and pro-inflammatory response ([@bib0365]). Expression of pro-inflammatory cytokines (such as IL-6 and IL-8) and the early expression of type-I interferon has been shown to be induced by NF-κB together with other transcription factors, such as activator protein 1 (AP-1), interferon regulatory factor 3 (IRF3) and IRF7 ([@bib0045], [@bib0515], [@bib0560], [@bib0880]). Specifically, the SARS-CoV spike protein dosage-dependently induces the production of TNF-α, IL-6 and IL-8 in transfected cells, which is mediated by the NF-κB pathway ([@bib0230], [@bib0895]).

In its inactive form, NF-κB is sequestered by the inhibitor of NF-κB alpha (IκBα), which prevent the nuclear translocation of NF-κB ([@bib0455]). The protein level of IκBα is determined by the rate of synthesis and its degradation by the proteasome. Degradation of IκBα is in turn facilitated by the IκB kinases (IKK), since phosphorylated IκBα is efficiently modified by poly-ubiquitination and targeted for proteasomal degradation ([@bib0445]). The PERK and IRE1 branches of UPR have been shown to activate NF-κB ([Fig. 4](#fig0020){ref-type="fig"} ). Translation attenuation mediated by eIF2α phosphorylation effectively decreases the synthesis of IκBα protein in cells under various stress conditions ([@bib0430]). On the other hand, IRE1 has been shown to complex with TRAF2 and activate the basal activity of IKK in cells under ER stress, thus facilitating the phosphorylation and degradation of IκBα ([@bib0820]). With less synthesis and more degradation, the protein level of IκBα is reduced, and NF-κB is in turn activated.Fig. 4Involvement of UPR in innate immune response during coronavirus infection. The PKR/PERK mediated eIF2α phosphorylation leads to translation attenuation and lower level of IκBα synthesis. On the other hand, IRE1 recruits TRAF2 and activates IKK to phosphorylate IκBα, promoting its ubiquitination and degradation. The outcome is a lower protein level of IκBα, releasing NF-κB for activation of type-I interferons and/or cytokines. The PERK branch also activates NF-κB by up-regulation of CHOP, which forms heterodimer with C/EBPβ and prevent it from activating PPARγ that suppresses NF-κB activation. The MAP kinases p38 and JNK activate AP-1 and promote cytokine production. Under ER stress, JNK is phosphorylated by IRE1/TRAF2 complex, while ATF3 has been shown to induce DUSP1 that de-phosphorylates p38. Several proteins, such as GADD34 or the spliced form of XBP1, have been shown to cross-talk with the innate immune signaling. Refer to text for detailed description.

NF-κB activation in cells under ER stress may be mediated by UPR via other mechanisms. For example, ER stress induces expression of CHOP, which forms a heterodimer with the CCAAT/enhancer binding protein β (C/EBPβ), preventing it from trans-activating another transcription factor called peroxisome proliferator-activated receptor γ (PPARγ) ([@bib0685]). Because PPARγ is a negative regulator of NF-κB, up-regulation of CHOP in cells under ER stress thus in effect activates NF-κB and induces the expression of IL-8 ([@bib0685]). Activation of NF-κB has also been associated with the ATF6-dependent phosphorylation of AKT, although the detail mechanisms have not been determined ([@bib0930]). Finally, it should be noted that during coronavirus infection, mediators of innate immunity may be targeted and modulated by the virus. Therefore, functional studies need to be performed to validate the involvement of these signaling pathways in the context of coronavirus infection.

5.2. UPR, MAP kinases and cytokine production {#sec0105}
---------------------------------------------

It has been well established that the mitogen activated protein (MAP) kinases are key mediators of innate immunity and pro-inflammatory response ([@bib1085]). The binding sites of AP-1 are present in the promoters of type-I interferons ([@bib0405]) and cytokines such as IL-8 ([@bib0390]). Phosphorylation of AP-1 components (such as Jun and ATF2) by the MAP kinases, in particular p38 and JNK, is crucial for gene expression in response to various stimulations ([@bib0450]). In terms of coronavirus, it has been shown that over-expression of the spike, but not other structural proteins of MHV leads to ER stress and induces the expression of IL-8 ([@bib0875]). Moreover, induction of IL-8 in cells over-expressing the SARS-CoV spike protein has been demonstrated to be dependent on AP-1 but not NF-κB ([@bib0130]). However, the mechanistic link between UPR and MAP kinase dependent cytokine induction remain elusive.

Previously, the induction of IL-6 in cells infected with MHV has been shown to be mediated by the MAP kinase p38 ([@bib0055]). Studies from this group have also demonstrated that induction of IL-6 and IL-8 in IBV-infected cells is dependent on p38 phosphorylation ([@bib0555]). Also, as a negative feedback mechanism, IBV induces the expression of the dual specificity protein phosphatase 1 (DUSP1), which de-phosphorylates p38 and suppresses cytokine production ([@bib0555]). Previous studies have indicated that DUSP1 is up-regulated in cells under ER stress ([@bib0095], [@bib1055]), possibly via the action of ATF3 in the PERK branch of UPR ([@bib0290]). In fact, one recent study has detected a reduced activation of the PERK-eIF2α pathway in cystic fibrosis airway cells, resulting in a higher level of phosphorylated p38 and increased production of IL-6 ([@bib0085]). Therefore, the signaling through PERK-ATF3-DUSP1 may be used by coronavirus to down-regulate p38 activation and cytokine induction in the infected cells ([Fig. 4](#fig0020){ref-type="fig"}).

Finally, the MAP kinase JNK is known to regulate cytokine expression by directly activating the AP-1 via phosphorylation of c-Jun ([@bib0450]). In fact, it has been shown that the induction of pro-inflammatory cytokines TNF-α and IL-6 in primary mouse astrocytes infected with MHV-A59 is dependent on the activation of JNK, but not NF-κB, ERK or p38 ([@bib0985]). Preliminary data from this group have also confirmed the important role of JNK and its upstream MAP kinase kinase 4/7 (MKK4/7) in the induction of IL-8 during IBV infection. In cells under ER stress, JNK activation has been associated with the IRE1-TRAF2 complex and apoptosis ([@bib0855]). However, the involvement of UPR in JNK mediated cytokine production during coronavirus infection remained unexplored.

5.3. GADD34, XBP1, RIDD and innate immunity {#sec0110}
-------------------------------------------

Besides the well characterized involvement of UPR in NF-κB and MAP kinase activation, UPR has also been shown to modulate innate immune response by other mechanisms. In particular, the UPR proteins GADD34 and XBP1, as well as the RIDD activity of IRE1, have been implicated in the production of type-I interferons and pro-inflammatory cytokines.

As mentioned above, GADD34 is a co-factor of PP1 that mediates the de-phosphorylation of eIF2α to reverse translation attenuation. Interestingly, when dendritic cells (DCs) are treated with polyriboinosinic:polyribocytidylic acid (polyI:C), expression of GADD34 is induced via the PKR-eIF2α-ATF4 pathway ([@bib0160]). Although GADD34 does not significantly affect protein synthesis, it is required for the polyI:C induced production of interferon β (IFN-β) and IL-6 ([@bib0160]). Importantly, similar GADD34-dependent induction of IFN-β and IL-6 has also been observed in mouse embryonic fibroblasts and mouse neonates infected with Chikungunya virus (CHIKV) ([@bib0155]). In a separate study, however, GADD34 is shown to suppress the production of pro-inflammatory cytokines TNF-α and IL-6 in macrophages triggered by toll-like receptor 3 (TLR3), TLR4, and TLR9 ([@bib0310]). This inhibition is mediated by the GADD34/PP1 dependent de-phosphorylation of TGF-β-activated kinase 1 (TAK) in the TLR signaling pathway. Therefore, the activity of GADD34 in innate immune response seems to be cell type and stimulus-specific. Since induction of GADD34 has been observed in IBV-infected cells ([@bib0900]), it would be desirable to examine its involvement in cytokine production induced by IBV and other coronaviruses.

The transcription factor XBP1 downstream of IRE1 pathway has also been implicated in innate immune response ([Fig. 4](#fig0020){ref-type="fig"}). In mouse macrophages treated with TLR2 agonist Pam3CSK4 or TLR4 agonist lipopolysaccharide (LPS), significant IRE1 activation and XBP1 mRNA splicing has been detected ([@bib0595]). Moreover, TLR-activated XBP1 is required for the optimum and sustained production of IFN-β and pro-inflammatory cytokines (such as IL-6 and TNF-α) ([@bib0595]). Similar XBP1-dependent induction of IFN-β has also been observed in murine DCs treated with polyI:C ([@bib0420]). Notably, recent studies have identified putative XBP1 binding to the promoter/enhancer sequences of IL-6, TNF-α and IFN-β ([@bib0595], [@bib0990]). In terms of coronavirus infection, induction of IL-8 has been associated with ER stress and XBP1 splicing in cells infected with MHV or in cells over-expressing the MHV spike protein ([@bib0875]). Moreover, preliminary data from this group have also shown that over-expression of XBP1 up-regulates the IBV-induced expression of IFN-β and IL-8 at the mRNA level.

Intriguingly, one recent study has pointed to the innate immune signaling function of IRE1, which is mediated via RIDD and is independent of XBP1. In their study, Cho et al. have shown that the A subunit of Cholera toxin (CTA) induces ER stress and activates the RIDD activity of IRE1, which degrades endogenous mRNA into small fragments ([@bib0150]). These mRNA fragments are recognized by the cytosolic sensor retinoic acid-inducible gene 1 (RIG-I), which activates NF-κB and induces the production of pro-inflammatory cytokines such as IL-6 and IL-8. Similar observations have been obtained with Shiga toxin and SV40 virus, both of which also enter the ER to induce disease ([@bib0150]). Therefore, the IRE1-RIDD dependent signaling may be a general mechanism to bridge ER stress and innate immune response, and its implication during coronavirus infection deserves further investigation.

6. Conclusion {#sec0115}
=============

Accumulating evidence suggests that coronavirus infection induces ER stress in the host cells. In response to the disturbance of ER homeostasis, the stressed cells activate UPR via the three ER transmembrane sensors: PERK, IRE1 and ATF6. The adaptation to ER stress is characterized by translation attenuation, selected mRNA degradation (RIDD), enhanced protein folding, ER membrane expansion and ERAD. If prolonged ER stress is not resolved, UPR triggers apoptosis via translation recovery, activation of pro-apoptotic transcription factors (CHOP) and kinases (ASK1 and JNK) and other mechanisms.

At the cellular level, the effect of UPR on coronavirus replication may be multifaceted. Degradation of membrane associated mRNAs via RIDD and translation attenuation reduces the abundance of viral transcripts and viral proteins, and thus serve as potent antiviral strategies. However, certain coronaviruses are shown to be resistant to these mechanisms and may even benefit from the preferential expression of viral proteins under such situations ([@bib0060]). Enhanced protein folding most likely promotes coronavirus replication, as increased amounts of chaperones may be beneficial to the massive production of highly glycosylated spike protein. The expansion of ER membrane may also be a plus for coronavirus, by providing additional membrane source for DMV formation and virion budding. Although ERAD may target ER-localized viral proteins for degradation, the significance of ERAD as an antiviral mechanism during coronavirus replication has not been investigated. In contrast, an ERAD tuning organelle called EDEMosome has been shown to be hijacked by MHV to generate DMVs for replication ([@bib0715]). Finally, early induction of apoptosis is considered anti-viral because the host cell disintegrates before infectious virus particles are released. Moreover, viral components wrapped in apoptotic bodies may be taken up by DCs for antigen presentation and adaptive immune response ([@bib0750]). On the other hand, apoptosis induced at late stage of infection may be beneficial for the virus. Mature virions can be enclosed by apoptotic bodies and engulfed by neighboring cells or phagocytes, allowing the virus to spread without initiating an immune response ([@bib0360]).

At the organism level, UPR activation may be a "double-edged sword". On the good side, certain outcomes of UPR are antiviral in nature, such as the translation attenuation and the synergistic activation of innate immunity described above. The importance of these mechanisms in host antiviral response can be manifested by the numerous counter measures evolved by coronaviruses and other viruses ([@bib0370]). However, over-activation of the innate immune response is also associated with extensive tissue damage and immunopathogenesis associated with SARS-CoV infection ([@bib0695]). Indeed, aberrations in UPR activation are associated with the pathogenesis of multiple autoimmune diseases, such as rheumatoid arthritis and inflammatory colitis ([@bib0850]). Future studies using appropriate *in vivo* models are required to elucidate the involvement of UPR in the pro-inflammatory response and innate immunity against coronavirus infection.

Notably, previous studies on coronavirus-induced UPR have been mainly focusing on individual branches of the UPR. It is important to note that the three branches of UPR are not functionally independent, but rather operate as an integrated signaling network ([@bib0725]). For instance, apart from being a splicing substrate of IRE1, XBP1 is also transcriptionally activated by PERK and ATF6 in cells under ER stress ([@bib0110], [@bib0960]). Also, the phosphatase p58^IPK^, a downstream UPR gene induced by XBP1s, has been shown to inactivate both PERK and PKR, thereby promoting the translation recovery ([@bib1045], [@bib0935]). Moreover, the PERK pathway facilitates expression and activation of ATF6 ([@bib0835]), whereas the protein disulfide isomerase A6 (PDIA6) induced by ATF6 has been shown to modulate IRE1 signaling by controlling its degradation ([@bib0235], [@bib0870]). Therefore, the cross-control of activation and feedback regulations among the three UPR braches gives rise to a fine-tuned temporal program in response to ER stress. In coronavirus-infected cells, this is characterized by an early pro-survival adaptation phase, followed by a rapid trigger of apoptosis at late stage of infection ([Fig. 5](#fig0025){ref-type="fig"} ).Fig. 5The cross-talks between three UPR branches and temporal control of UPR during coronavirus infection, using IBV as an example. At the early stage (1--8 h) of infection, the PERK/PKR triggers translational block by eIF2α phosphorylation. The activation of ATF4 and its downstream signaling leads to translation recovery and accumulation of CHOP. The ATF6 and IRE1 branches possibly activate at a much later time of IBV infection (12--16 h). Enhanced ER folding and activation of ERAD may promote adaptation to the ER stress and cell survival. Finally, prolonged ER stress due to continuous IBV replication and budding led to the dead phase of UPR, characterized by caspase cleavage and other apoptosis mediated cell demolitions.

To conclude, studies from the past decade have shown that coronavirus replication causes ER stress and induces UPR in the infected cells. As an evolutionarily conserved stress response, UPR cross-talks with major signaling pathways and constitutes a major aspect of coronavirus-host interaction. The involvement of UPR in apoptosis and innate immune response may be an important factor in the virulence and pathogenesis of coronavirus infection. Therefore, further investigation on coronavirus-induced UPR may identify new targets for anti-viral agents and facilitate development of more effective vaccines against coronavirus.
